Cerebral glucose homeostasis deregulation has a role in the pathogenesis and the progression of Alzheimer's disease (AD). Current therapies delay symptoms without definitively curing AD. We have previously shown that probiotics counteract AD progression in 3xTg-AD mice modifying gut microbiota and inducing energy metabolism and glycolysis-gluconeogenesis. Ameliorated cognition is based on higher neuroprotective gut hormones concentrations, reduced amyloid-β burden and restored proteolytic pathways. Here, we demonstrate that probiotics oral administration improves glucose uptake in 3xTg-AD mice by restoring the brain expression levels of key glucose transporters (GLUT3, GLUT1) and insulin-like growth factor receptor β (IGF-IRβ), in accordance with the diminished phosphorylation of AMP-activated protein kinase (AMPK) and protein-kinase B (Akt). In parallel, phosphorylated tau aggregates decrease in treated mice. Probiotics counteract the time-dependent increase of glycated hemoglobin and the accumulation of advanced glycation end-products (AGE) in AD mice, consistently with memory improvement. Collectively, our data elucidate the mechanism through which gut microbiota manipulation ameliorates impaired glucose metabolism in AD, finally delaying the disease progression.
INTRODUCTION
Glucose uptake and metabolism are impaired in the brain of Alzheimer's disease (AD) subjects, and strongly contribute to the pathogenesis and the progression of the disease and to the manifestation of clinical signs (Gardener et al., 2016) . Under physiological conditions, the brain largely depends on glucose for energy production (Chen and Zhong, 2013 ). An adequate supply of glucose from the blood stream depends on glucose transporters (GLUTs) (Scheepers et al., 2004) . In mammalian brain, GLUT1 and GLUT3 prevalently transport glucose from blood into the extracellular space (Qutub and Hunt, 2005) . Reduced expression levels of GLUT1 and GLUT3 in the cerebral cortex of AD subjects impaired brain glucose uptake, leading to hyperphosphorylation of tau protein, which is a major pathological hallmark of AD (Bloom, 2014) . Some authors propose gene therapy to enrich glucose transporters content in selected brain areas to ameliorate glucose uptake and proteostasis dysfunction in AD (Duran-Aniotz and Hetz, 2016) .
Glucose uptake is also influenced by functional abnormalities of critical metabolic sensors, including adenosine monophosphate-activated protein kinase (AMPK) and protein kinase B, also named Akt, with consequent energy metabolic impairment and severe implications in AD pathology (Rickle et al., 2004) . Amyloid-β (Aβ) oligomers transiently reduce AMPK and Akt phosphorylation causing neuronal metabolic defects (Rickle et al., 2004) . In the brain, AMPK acts as a regulator of cellular energy homeostasis. AMPK activity increases during glucose deprivation, metabolic stress, ischemia, and hypoxia in neurons both in vivo and in vitro (Weisova et al., 2009) .
Specifically, in case of reduced intracellular energy levels, AMPK phosphorylates metabolic enzymes and regulates gene expression of GLUTs. Additionally, metabolic stresses activate AMPK and the enzyme functionality depends on hormones and cytokines affecting whole-body energy balance. Interestingly, AMPK can directly phosphorylate tau and activated/phosphorylated AMPK has been observed in tauopathies and AD brains (Vingtdeux et al., 2011) .
Similarly, Akt activity is up-regulated in AD, concomitant with neurofibrillary aggregates (Rickle et al., 2004) . Akt plays a highly conserved role in the regulation of cellular energy metabolism. It regulates phosphatidylinositol-3-kinase survival signaling for insulin-like growth factor I (IGF-I) and other trophic factors; it phosphorylates tau and influences the production and deposition of Aβ (Bhat and Budd, 2002) .
Deterioration of insulin signaling strongly contributes to brain metabolic impairments in AD. For example, IGF-I promotes Aβ clearance in the brain and reduced cerebral uptake of IGF-I results in increased Aβ levels (Carro et al., 2006) . IGF-I has a role in the proteasome-mediated removal of oxidized proteins in the brain (Crowe et al., 2009 ).
The levels of both IGF-I and its receptor significantly decrease in the hippocampus and somatosensory cortex of aged mice, causing age-related changes in the brain (Lee et al., 2014) . Post-mortem studies on human brain frequently show insulin resistance with reduced activation of receptors and inhibition of downstream neuronal survival and plasticity mechanisms in AD (Talbot et al., 2012) .
Moreover, tau hyperphosphorylation occurs in mice having abnormal brain insulin levels (Schubert et al., 2003) . An increasing number of studies correlate glucose intolerance and impairment of insulin metabolism with a higher risk of developing AD (Butterfield et al., 2014; Pardeshi et al., 2017) . Elevated concentrations of glycated hemoglobin (HbA1c), which reflect the average glucose level in the blood over the past three months, have been associated with cognitive impairment. High fasting blood glucose levels have been linked to decreased memory in healthy elderly (Yaffe, 2007) , thus representing a risk factor for AD (Velazquez et al., 2017; Xu et al., 2007) .
Additional studies indicate massive alterations of protein glycosylation in specific brain regions of AD patients (Frenkel-Pinter et al., 2017) .
Moreover, advanced glycation end (AGEs) products, deriving from Maillard reaction between carbohydrates and proteins, increase in neurons in hippocampus of AD subjects. AGEs are involved in Aβ aggregation and accumulation, playing an important role in AD (Vitek et al., 1994) .
Currently, no definitive treatment exists for AD and available therapies preserve cognition and memory and delay the loss of function. In recent years, an increasing number of studies have been focusing on the role of the gut microbiota in disorders associated with the central nervous system (CNS), with special interest in the modulation of the gut-brain axis. Modulation of gut microbiota using probiotics has been proposed for the prevention and treatment of several pathologies including CNS disorders (Hsiao et al., 2013) . For example, probiotic supplementation has reversed cognitive impairment and spatial memory loss in diabetic rats (Davari et al., 2013) .
Interestingly, the rational manipulation of intestinal microbiota in rats treated with a probiotic mixture attenuated the age-related deficit in long-term potentiation and modulated the expression of several genes in the brain (Distrutti et al., 2014) .
Moreover, bacterial by-products such as short chain fatty acids (SCFAs) exert neuromodulatory effects and directly act on gastrointestinal cells stimulating the synthesis of hormones, such as leptin and glucagon-like peptide 1 (GLP-1) (Oleskin and Shenderov, 2016) . Using a triple transgenic mouse model of AD (3xTg-AD mice),
we have recently demonstrated that the oral administration of a novel formulation of lactic acid bacteria and bifidobacteria (namely SLAB51) counteracted cognitive decline, reduced Aβ aggregates and brain damages and partially restored the impaired neuronal proteolytic pathways (Bonfili et al., 2017) . In addition, SLAB51 mitigated oxidative stress in 3xTg-AD mouse brain by activating sirtuin-1 (SIRT-1)-dependent mechanisms (Bonfili et al., 2018) . Improvement of cognitive function was supported by enriched gut content of anti-inflammatory SCFAs and increased plasma concentrations of neuroprotective gut peptide hormones that play a role in modulating neuronal functions like learning and memory (Bonfili et al., 2017) . In detail, SLAB51 oral administration influenced energy metabolism and glycolysis-gluconeogenesis in AD mice, enhancing GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) plasma concentrations (Holscher, 2014) . Moreover, GIP and GLP-1 receptor agonists have been proposed as therapeutic agents in neurodegenerative disorders (Han et al., 2016) .
Considering the key role of impaired cerebral glucose metabolism in cognitive dysfunction and histopathological alterations typical of AD, the amelioration of glucose uptake and metabolism represents a promising approach in AD therapy. In this perspective, the present work focused on exploring the effects of SLAB51 oral administration on glucose metabolism in 3xTg-AD mice and their wild type counterpart. For this purpose, 8 weeks-old mice have been orally administered with SLAB51 for a period of 16 and 48 weeks and the brain expression levels of GLUT3 GLUT1, insulin-like growth factor-I receptor β (IGF-IRβ), the phosphorylated form of AMPK, Akt and tau proteins have been evaluated. Plasma levels of glycated hemoglobin and AGEs brain concentration have been also monitored.
MATERIALS AND METHODS

Reagents and chemicals
SLAB51 probiotic formulation has been provided by Ormendes SA ( ELISA kit for HbA1c measurement was from MyBioSource (San Diego, CA, USA).
Animal model
AD triple-transgenic mice, B6;129-Psen1 tm1Mpm Tg (APPSwe, tauP301L)1Lfa/J (named 3xTg-AD) and the wild type B6129SF2 mice (separate line), were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). 3xTg-AD mice contain three mutations associated with frontotemporal dementia or familial Alzheimer's disease (amyloid precursor protein [APP]Swe, tau MAPT P301L, and presenilin-1 M146V). This reliable model of human AD displays both plaque and tangle pathology, with Aβ intracellular immunoreactivity detectable at three months of age and hyperphosphorylation of tau protein occurring by 12 to 15 months of age (Oddo et al., 2003) . Experiments were in accordance with the guidelines laid down by the European Communities Council (86/609/ECC) for the care and use of laboratory animals and with a protocol approved by the Italian Ministry of Health (518/2018-PR). Mice were housed in plastic cages (Makrolon, Covestro A.G., Filago, Italy) (4 animals per cage) in a temperaturecontrolled room (21±5 °C) and 60% humidity on 12-hour light/dark reversed cycle (light was switched on at 8:00 p.m.) and maintained on laboratory diet (Mucedola, Italy) and water ad libitum. Appropriate measures minimized pain and discomfort in experimental animals.
Experimental design
Eight-week-old AD male mice (n =48) were divided in two groups: one administered SLAB51 dissolved in water (n=24), and the control group administered water (n=24).
Simultaneously, 48 age-matched wild type (wt) mice were organized into wt control (n=24) and wt-treated (n=24) groups. The dosage of SLAB51 (200 billion bacteria/kg/day) was determined by application of the body surface area principle. The body weight was monitored during the treatment to ensure single-housed animals received the proper intake of the probiotic. Preliminary studies were performed to evaluate both viability and stability of the probiotic formulation upon solubilization in water at 21 ± 5 °C. The percentage of vital bacteria was determined, for the entire time course of the experiment, by fluorescence microscopy, which revealed that 88% of the strains survived after 30 h under the above-mentioned conditions. Thus, probiotic drinking solution was freshly prepared every day. Eight mice per group were euthanized by CO 2 overdose at 8, 24 and 56 weeks of age, and the tissues were properly collected for both biochemical and immunohistochemical analyses. In detail, murine brains were quickly removed and placed on an ice-cold glass plate. Coronal sections were sagittally bisected: one portion was immediately frozen in liquid nitrogen and stored at −80°C for biochemical analysis, and the other was fixed in 10% formalin for 8-10 hours, properly washed in PBS, dehydrated and embedded in paraffin for sectioning.
Preparation of brain extracts
Upon sacrifice, brain was homogenized (1:5 weight/volume of buffer) in 50 mM Tris buffer, 150 mM KCl, 2 mM EDTA, pH 7.5. Homogenates were immediately centrifuged at 13,000 x g for 20 min at 4°C and the supernatants were used. Protein concentration was measured with the Bradford protein assay (Bradford, 1976) .
Western blotting analyses
Brain homogenates were analyzed through western blotting assays to measure the levels of GLUT3, GLUT1, IGF-IRβ, AMPK, p-AMPK, Akt, p-Akt, tau, p-tau, and AGE. In detail, for each time point, brain homogenates (30-µg total protein) were separated through SDS-PAGE on 10% or 12% gels, and electroblotted onto PVDF membranes. Successively, upon incubation with specific antibodies, the immunoblot detections were carried out with an enhanced chemiluminescence (ECL) western blotting analysis system. Molecular weight markers (6.5 to 205 kDa) were included in each gel. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to check equal protein loading. The densitometric analysis has been conducted as previously described (Amici et al., 2008) . Briefly, each western blot was scanned (16-bit gray scale) and the obtained digital data were processed through Image J (NIH) to calculate the background mean value and its standard deviation. The background-free image was then obtained subtracting the background intensity mean value from the original digital data. The integrated densitometric value associated with each band was then calculated as the sum of the density values over all the pixels belonging to the considered band having a density value higher than the background standard deviation. The band densitometric value was then normalized to the relative GAPDH signal intensity. The ratios of band intensities were calculated within the same western blot. All the calculations were carried out using the Matlab environment (The MathWorks Inc., Natick, MA, USA). For AGE both bands have been included in the analysis.
Immunohistochemical analysis
The effects of SLAB51 on glucose transporters GLUT3 and GLUT1 in specific brain regions were investigated immunohistochemically (IHC). Three 3 µm-thick brain sections from each animal (n=8 per sub-group), at ~0.84, 1.20, and 1.56 mm lateral from the midline (Paxinos and Franklin, 2001) , were prepared. Selected sections were deparaffinized and rehydrated according to standard protocols, and used for GLUT1, GLUT3 and p-tau immunohistochemical detection. For each time point, brain sections from treated and untreated wt and AD mice (n=8 per subgroup) were fixed in a 50:50 mixture of methanol and acetone for 5 min and incubated with the specific antibody.
For GLUT1 detection, brain sections were incubated overnight with anti-glucose transporter GLUT1, diluted 1:100, cross reacting with mouse, rat and human. For GLUT3 detection, brain sections were incubated overnight with anti-glucose transporter GLUT3, diluted 1:150, cross-reacting with mouse, rat and human. Nonspecific binding was blocked by incubation for 10 minutes with a protein-blocking agent (Dako, Carpinteria, CA, USA) before overnight incubation with the primary antibody in a moist-chamber. The immunoreaction with streptavidin-immunoperoxidase (Abcam, Cambridge, UK) was visualized with 3,3′diaminobenzidine substrate (DAB) (Vector Laboratories, Burlingame, CA, USA).
Tissues were counterstained with Mayer's hematoxylin. For negative immunohistochemical controls, the primary antibodies were omitted.
Additionally, fibrillar deposits of highly phosphorylated tau in brain samples were visualized immunohistochemically using the rabbit monoclonal antibody [EPR2605] to p-tau (phospho S404) diluted 1:150. The binding of the antibody was detected with the Elite kit (Vector Laboratories), and the immunoreaction was developed using DAB (Vector Laboratories).
Positive cells were quantified in different brain areas from ten appropriate fields and arithmetic means were calculated for each brain region. Results are expressed as IHCpositive cells per 62,500 µm 2 . For all parameters, cells on the margins of the tissue sections were not considered for evaluation to avoid inflation of positive cell numbers.
Positive cells were quantified using an image-analysis system consisting of a light microscope (Carl Zeiss, Jena, Germany), attached to a Javelin JE3462 high-resolution camera and a personal computer equipped with a Coreco-Oculus OC-TCX frame grabber and high-resolution monitor. Computerized color-image analysis was performed by using Image-Pro Plus software (Media Cybernetics, Rockville, MD USA). The entire cerebral cortex and hippocampus were separately sampled with the counting frame size 250 µm × 250 µm for cortex and 100 µm × 100 µm for hippocampus. The area of each section in all brain cross section in each mouse was recorded, as was the total number of neurons determined by immunostaining as previously described. For each mouse, the total brain area was calculated as the sum of the areas of all fields in all brain cross sections on one slide. For GLUT1 and GLUT3, positive cells were counted per section, and stained cell densities were expressed as the number of cells per square millimeter of analyzed section area (Rossi et al., 2014) . The area of interest in the hippocampus was CA1. p-tau immunoreactive area was measured in the threshold segmented cortical and hippocampal regions of interest (ROIs) and normalized to the total ROI area. The pathologist performing quantification of amyloid burden was blind to age, treatment type, and genotype of mice.
ELISA assay for HbA1c levels determination
Glycated hemoglobin concentration was measured in plasma samples promptly supplemented with protease inhibitors (Pefabloc and TPCK) using a Mouse Glycated hemoglobin A1c ELISA Kit (MyBioSource) according to the manufacturer's instructions.
Statistical analysis
Biochemical and IHC data are expressed as mean values ± standard error (S.E.).
Statistical analysis was performed with one-way ANOVA, followed by the Bonferroni test using Sigma-Stat 3.1 software (SPSS, Chicago, IL, USA). Statistical significance of treated mice compared to untreated 8-week-old mice of the same genotype is indicated with asterisks (*p < 0.05). To describe the effect of SLAB51 treatment, statistical significance of treated mice compared to age-matched untreated mice of the same genotype is indicated with hashtags (#p < 0.05).
RESULTS
SLAB51 oral administration influences glucose uptake in AD mice
GLUT3 and GLUT1 are the major neuronal glucose transporters. IHC analysis showed a decrease of both proteins of AD untreated mice at 56 weeks compared with 8 weeks of age, particularly in the hippocampal CA1 region ( Figure 1A) , in the subgranular zone and the molecular layer of the dentate gyrus for GLUT3 and in the blood capillaries of the dentate gyrus for GLUT1 consistently with previous reports (Lee et al., 2018) . Positive cells significantly increased in treated animals at 56 weeks of age relative to age-matched untreated animals. Western blotting analyses confirmed that expression levels of both GLUTs significantly decreased in untreated 56-weeks-old AD mice, in agreement with the impaired functionality of brain cells (Harr et al., 1995) , and were restored with SLAB51 treatment (Figure 1B The histograms show the GLUT3 and GLUT1 positive cells/field respectively. B: GLUT3 and GLUT1 brain expression levels. Representative immunoblots obtained from ECL western blotting analysis system and corresponding densitometric analyses derived from six separate blots are shown. Equal protein loading was verified by using an anti-GAPDH antibody. In A and B, data points marked with an asterisk are statistically significant compared to 8-week-old untreated control mice of the same genotype (*p<0.05). Data points marked with a hashtag are statistically significant compared to age-matched untreated mice (#p<0.05).
Several key regulators can influence the expression level of GLUTs. Interestingly, the AMP-activated protein kinase (AMPK) activity plays a central role in cellular glucose uptake, with increased activity interfering with the expression of GLUTs. In fact, AMPK has been characterized as a critical regulator of cellular function in response to energy stress within cells. Accordingly, increased levels of total AMPK were detected in aged AD mice with respect to 8-weeks old mice (Figure 2A) . The phosphorylated form of AMPK, corresponding to the activated form, increased in untreated AD mice at 24 and 56 weeks of age compared with 8 weeks of age, and diminished with SLAB51 treatment in the 24-and 56-week-old mice relative to the age-matched untreated mice.
No significant variations were observed in wt animals. Akt is another kinase implicated in regulating the translocation and the biosynthesis of insulin-sensitive glucose transporters in most cell types. AD mice showed an increase of the phosphorylated/activated form of Akt that was only significantly mitigated with SLAB51 treatment at 56 weeks of age. Again, no significant variations were observed in wt animals ( Figure 2B ). Functional abnormalities of these critical metabolic sensors (both AMPK and Akt) cause energy metabolism impairment and correlate with tau hyperphosphorylation, which is one of the main features of AD.
Figure 2. Phosphorylation levels of AMPK (A) and Akt (B) in wt and AD mice orally administered
with SLAB51 for 16 and 48 weeks. Representative immunoblots and the ratio of intensity of the bands for p-AMPK/total AMPK and p-Akt/total Akt are reported. Equal protein loading was verified by using an anti-GAPDH antibody. The detection was performed using an ECL western blotting analysis system. Data points marked with an asterisk are statistically significant compared to 8-week-old untreated control mice (*p<0.05). Data points marked with a hashtag are statistically significant compared to age-matched untreated mice (#p<0.05).
Phosphorylated tau levels in SLAB51 treated mice
The extent of tau phosphorylation was evaluated using a p-tau (Ser404) antibody by western blotting and IHC. As expected, p-tau increased in untreated 24-and 56-weekold AD mice (Figure 3) . Western blotting analysis revealed a significant decrease of p-Tau levels in the brains of mice treated with SLAB51 ( Figure 3A) .
Immunohistochemical staining of brain sections showed progressive accumulation of ptau in the hippocampus of untreated AD mice between 8 and 56 weeks of age. The process culminated in the formation of differently sized aggregates especially in the hippocampus of 56-week-old untreated AD mice in association with some morphological evidence of hippocampal atrophy. Hyperphosphorylated tau aggregates decreased in number and size in treated animals at both 24 and 56 weeks of age ( Figure   3B ). [%]. Data represent 5 sections for each brain (n = 8). In A and B, data points marked with an asterisk are statistically significant compared to 8-week-old mice (*p<0,05). Data points marked with a hashtag are statistically significant compared to age-matched untreated mice (#p < 0.05).
Glycated hemoglobin plasma levels
Elevated fasting serum glucose and insulin resistance have been linked to decreased memory and AD. Considering that glycated hemoglobin is currently considered an excellent indicator of insulin resistance and a reliable retrospective index of average blood glucose level (Sherwani et al., 2016) , plasma concentrations of HbA1c were measured in control and treated groups of mice. Figure 4 shows an age-dependent increase of HbA1C in untreated AD mice. SLAB51 attenuated the increase in HbA1c plasma concentrations, proving that this probiotic mixture positively influences glucose metabolism in AD mice. 
Insulin-like growth factor-I receptor brain expression
It has been largely described that the dysregulation of blood glucose homeostasis due to increased glucose production, impaired insulin production and insulin resistance represents a risk factor for AD. Considering that insulin growth factor 1 (IGF-I) has a role in the proteasome-mediated removal of oxidized proteins in the brain acting as a promising therapeutic target in AD, the expression levels of IGF-IRβ have been measured in the brain of both wt and AD mice treated or not with SLAB51. Decreased amounts of IGF-IRβ were detected in 56-week-old 3xTg-AD mice, in agreement with previously published data (Lin et al., 2018) ; whereas no changes were observed in wt animals. Interestingly, the receptor concentration significantly increased in the brain of AD mice administered with SLAB51 ( Figure 5 ). Representative immunoblots and corresponding densitometric analyses (expressed as arbitrary units, a.u.) obtained from six separate blots are shown. Anti-GAPDH antibody was used to verify equal protein loading. The detection was by an ECL western blotting analysis system. Data points marked with an asterisk are statistically significant compared to 8-week-old untreated control mice (*p<0.05). Data points marked with a hashtag are significantly different compared to age-matched untreated mice (#p<0.05).
Advanced glycation end products in AD mice
Insulin resistance and high glucose concentration together with increased oxidative stress in AD brain contribute to the accumulation of advanced glycation end products (AGEs), harmful products that have been associated with many chronic diseases. AGEs significantly increased in untreated AD mice and SLAB51 supplementation was effective in reducing their amount in both 24-and 56-week-old mice (Fig 6) . Representative immunoblot and corresponding densitometric analysis obtained from six separate blots are shown. Equal protein loading was verified by using an anti-GAPDH antibody. The detection was executed by an ECL western blotting analysis system. Data points marked with an asterisk are statistically significant compared to 8-week-old untreated control mice (*p<0.05). Data points marked with a hashtag are significantly different compared to age-matched untreated mice (#p<0.05).
DISCUSSION
Current established treatments for AD are only able to counterbalance the symptoms but they cannot prevent or stop the disorder. Recent studies are now targeting gut microbiota because of its role in regulating multiple neurochemical pathways through the gut-brain axis (Bhattacharjee and Lukiw, 2013; Wang and Kasper, 2014) and oral bacteriotherapy is becoming a recognized strategy for the prevention and treatment of several disorders, including CNS-related diseases (Distrutti et al., 2014; Douglas-Escobar et al., 2013; Duncan and Flint, 2013; Hsiao et al., 2013; Saulnier et al., 2013) .
We have recently demonstrated that the oral administration of SLAB51 probiotic formulation modified gut microbiota in 3xTg-AD mice, and favored several metabolic pathways associated with energy metabolism, amino acid metabolism, and nucleotide metabolism. Improvement of cognitive performances observed in these mice was supported by increased plasma concentrations of neuroprotective gut hormones and correlated with decreased Aβ load and partial recovery of neuronal proteolytic pathways with consequent delay of AD progression (Bonfili et al., 2017; Bonfili et al., 2018) .
Considering that impaired cerebral glucose metabolism strongly contributes to AD onset and progression, we focused this work on the evaluation of the effects of SLAB51 oral administration on glucose uptake and metabolism using 3xTg-AD mice and the wild type B6129SF2 mice. As expected, AD mice showed impaired glucose uptake compared to wt animals. In detail, levels of GLUTs decreased in the brain of aged AD animals together with the increase of phosphorylated AMPK and Akt. In fact, these kinases play a central role in glucose uptake, also influencing GLUTs' expression.
Here, we demonstrate for the first time that probiotics are able to counteract insulin resistance by restoring the brain expression level of GLUTs and diminishing the phosphorylation of key metabolic regulators such as AMPK and Akt, consequently decreasing tau phosphorylation.
Our results are consistent with previous in vivo and in vitro studies describing AMPK increased activity during glucose deprivation, metabolic stress, ischemia, and hypoxia in neurons (Weisova et al., 2009 ). The levels of p-AMPK and p-Akt decreased in SLAB51 treated AD mice by a similar amount, with the latter being implicated in regulating the translocation and biosynthesis of insulin-sensitive glucose transporters in most cell types. Functional abnormalities of both AMPK and Akt cause energy metabolic impairment and correlate with tau hyperphosphorylation, one of the main features of AD. It has been indicated that AMPK is a key player in the development of AD pathology because it can phosphorylate tau (Domise et al., 2016) . As expected, increased tau phosphorylation was observed in 24-and 56-week-old AD mice, particularly in the hippocampus. The percentage area of phospho-tau-positive staining decreased in SLAB51-treated AD animals in accordance with the reduced levels of phosphorylated/activated AMPK and Akt (Domise et al., 2016; Vingtdeux et al., 2011) and with the partial restoration of GLUTs expression levels. These data are in line with previous studies showing that defective glucose transport determines glucose metabolism impairment, together with abnormal tau phosphorylation (Shah et al., 2012) . Tau hyperphosphorylation in the hippocampus of untreated AD mice, together with the increase of pAMPK and pAkt and the decrease of GLUTs expression levels are in agreement with papers demonstrating the involvement of AMPK in ADassociated Aβ and tau pathology (Wang et al., 2019) . Moreover, several studies propose that defective glucose transport leads to reduced glucose metabolism, causing abnormal tau phosphorylation (Liu et al., 2009 ). The increase of AMPK and Aktmediated cerebral glucose metabolism is another mechanism through which SLAB51 counteracts AD progression. In fact, besides increasing tau phosphorylation, p-AMPK is also involved in the generation and accumulation of Aβ. Therefore, such results show a connection with our previously published data that described decreased Aβ deposits in brains of SLAB51-treated AD mice (Bonfili et al., 2017) and reinforce the idea that AMPK activation has "non-neuroprotective" properties (Cai et al., 2012) . Abnormal brain insulin signaling is correlated with hyperphosphorylated tau (Liu et al., 2011) and glucose intolerance and insulin resistance were described in AD mouse models (Velazquez et al., 2017) . Accordingly, we detected an increase in HbA1c plasma concentration in untreated 3xTgAD mice and decreased levels with SLAB51 administration. As a reliable retrospective indicator of long-term glycemic history, the increase of HbA1c in ageing and neurodegenerations inevitably suggests an impaired memory function. The ability of SLAB51 to decrease HbA1c plasma levels demonstrates a positive effect on glucose homeostasis and is correlated with the increase of gut peptide hormones, such as GLP-1 and GIP, involved in glucose metabolism, and with the enriched gut content in metabolites that improve insulin sensitivity (Bonfili et al., 2017; Tolhurst et al., 2012) .
Moreover, we observed decreased brain levels of IGF-IRβ, which regulates food intake, energy metabolism, reproduction and cognitive functions (Gasparini and Xu, 2003) .
The expression level of this receptor significantly increased upon SLAB51 treatment with positive implications not only on glucose metabolism but in general on AD-like progression, because IGF-I is involved in the proteasome-mediated proteolysis of oxidized proteins (Crowe et al., 2009) . The amelioration of glucose uptake and metabolism is also consistent with the decreased formation of AGEs in treated AD mice, indicating that, by controlling glucose metabolism and favoring the clearance of oxidized species, the formation of harmful products such as AGEs can be counteracted.
Collectively, these data are in perfect agreement with our previous publication showing that probiotics consumption reduced oxidative stress in 3xTg-AD mice by activating SIRT1-dependent mechanisms (Bonfili et al., 2018) . Accordingly, another study shows that AGEs increase ROS production, stimulating downstream pathways related to APP processing, Aβ production and SIRT1 (Ko et al., 2015) .
Concluding, SLAB51 oral administration in 3xTg-AD mice ameliorated impaired glucose metabolism confirming the efficacy of oral bacteriotherapy in the prevention and treatment of AD. Data presented here reinforce the idea that gut microbiota modulation can influence multiple signaling pathways in the host and further contribute to the explanation of the observed ameliorated cognitive functionality in these AD mice. (Bonfili et al., 2017) 
